In this Brief Report we present atomically resolved images of the ultrathin alumina film on NiAl͑110͒. For the first time detailed images of the complex microstructure for both reflection domains have been obtained by frequency modulation dynamic force microscopy using a very stable, custom built, dual mode scanning force and scanning tunneling microscope. Measurements have been performed under ultrahigh vacuum conditions at 5 K with a quartz tuning fork as a force sensor. The high spatial resolution allows to derive 28 atomic positions in real space in the surface unit cell by simple graphical analysis. This has been successful without application of filtering or correlation methods, emphasizing the potential of this force microscopy method on complex oxide surfaces. With respect to topographic height even quantitative agreement with theory could be achieved, here shown for selected structural elements within the unit cell. Furthermore, deeper insight into a wavelike morphological feature could be obtained. Consistency with a published density-functional theory model and connections to other data from the literature are discussed. Ultrathin alumina overlayers on certain low index faces of metal or alloy single crystals, originally developed to mimic properties of bulk aluminum oxide in surface studies, where charging hampered analysis with electron techniques, have long become a research field in their own right. This is still due to the full set of electron analysis techniques applied to them, but besides this the thin films can be linked to technological problems regarding interfaces and insulating interlayers in miniaturized electronic and magnetic devices as well as protective coatings and heterogeneous catalysis. Of academic interest are fundamental physical and chemical properties of these wide band-gap insulators, in particular the relation between structure and functions such as adsorption as well as transport and interface properties. One example for such a film is the 5 Å thin ordered alumina overlayer which can be grown by selective oxidation on ͑110͒ surfaces ͑CsCl structure͒ of the ordered intermetallic NiAl.
In this Brief Report we present atomically resolved images of the ultrathin alumina film on NiAl͑110͒. For the first time detailed images of the complex microstructure for both reflection domains have been obtained by frequency modulation dynamic force microscopy using a very stable, custom built, dual mode scanning force and scanning tunneling microscope. Measurements have been performed under ultrahigh vacuum conditions at 5 K with a quartz tuning fork as a force sensor. The high spatial resolution allows to derive 28 atomic positions in real space in the surface unit cell by simple graphical analysis. This has been successful without application of filtering or correlation methods, emphasizing the potential of this force microscopy method on complex oxide surfaces. With respect to topographic height even quantitative agreement with theory could be achieved, here shown for selected structural elements within the unit cell. Furthermore, deeper insight into a wavelike morphological feature could be obtained. Consistency with a published density-functional theory model and connections to other data from the literature are discussed. Ultrathin alumina overlayers on certain low index faces of metal or alloy single crystals, originally developed to mimic properties of bulk aluminum oxide in surface studies, where charging hampered analysis with electron techniques, have long become a research field in their own right. This is still due to the full set of electron analysis techniques applied to them, but besides this the thin films can be linked to technological problems regarding interfaces and insulating interlayers in miniaturized electronic and magnetic devices as well as protective coatings and heterogeneous catalysis. Of academic interest are fundamental physical and chemical properties of these wide band-gap insulators, in particular the relation between structure and functions such as adsorption as well as transport and interface properties. One example for such a film is the 5 Å thin ordered alumina overlayer which can be grown by selective oxidation on ͑110͒ surfaces ͑CsCl structure͒ of the ordered intermetallic NiAl. 1 Despite its large band gap of about 6.7 eV 2 it allows electron flow due to its limited thickness. Thorough low-energy electron diffraction ͑LEED͒, photoemission spectroscopy, Auger electron spectroscopy, electron-energy-loss spectroscopy, angle-resolved ultraviolet photoelectron spectroscopy, ion scattering spectroscopy, and scanning tunneling microscopy ͑STM͒ and scanning tunneling spectroscopy studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] have been performed in the framework of model catalysis over the last two decades. Together with a recent STM and density-functional theory ͑DFT͒ study this led to an atomistic model of the film that matches many of the experimental findings. 11 The accumulated data on this film in the literature give so far evidence for a two double-layer structure free of nickel with alternating aluminum and oxygen layers. It is oxygen terminated toward the vacuum with the next lower aluminum layer being on average relaxed inwards by about 40 pm. The lattice constants as determined by LEED are b 1 = 10.55 Å and b 2 = 17.88 Å enclosing an angle ␣ = 88.7°. Each oxide surface unit cell covers 16 of the 2.89ϫ 4.08 Å 2 sized rectangular NiAl͑110͒ surface unit cells. Dimensions, geometry, and orientation between the oxides' two reflection domains and the substrate are illustrated in Figs. 1 and 2͑c͒ . However, due to technical constraints, the DFT model 11 assumes a commensurate structure ͑10.93 Å, 17.90 Å; ␣ = 88.16°͒ for the film which is incommensurate in the ͓001͔ direction of the NiAl substrate. Furthermore the underlying STM data for the topmost oxygen layer have been obtained under extreme tunneling conditions giving rise to speculations over substrate influence, mixed contributions from several layers, and force interactions in the images. Therefore the atomic surface structure is still under discussion and more real-space information with atomic resolution is still desirable.
Frequency modulation dynamic force microscopy ͑FM-DFM͒ 12 has been significantly improved over the last ten years and atomic resolution has been obtained on metal, semiconductor, and insulator surfaces. [13] [14] [15] [16] The amount of data obtained from large and complex surface unit cells of wide band-gap oxides, however, is still very limited. Recent work on bulk alumina or associated thin films on NiAl and Ni 3 Al surfaces has been promising though. [17] [18] [19] [20] [21] Hence the large parallelogram shaped surface unit cells of the alumina film on NiAl͑110͒ can be considered the acid test for the resolution of ultrahigh vacuum ͑UHV͒, low-temperature FM-DFM. Here the progress on thin films is considered a stepping stone on the way to resolving all positions in large complex reconstructed surface unit cells of bulk insulators. We present for the first time FM-DFM images of all 28 individual surface oxygen positions in the surface unit cells of both reflection domains of the ultrathin alumina film on NiAl͑110͒. The custom-built microscope setup is designed for UHV and liquid-helium temperature ͑5 K͒ operation. [22] [23] [24] The sensor used for the present study has been a quartz tuning fork as presented in Ref. 25 with a cut Pt 90 Ir 10 wire as a FM-DFM/STM tip. The tuning fork assembly and electronics in use are capable of simultaneous recording of tunneling current I T and frequency shift ⌬f while controlling the z position of the tip via either of them. 24 Force sensor parameters are k = 22 000 Nm −1 , f 0 = 17.700 kHz, the oscillation amplitude A OSC has been set to values within the range 1.4-1.8 Å. Here images have been recorded in the constant oscillation amplitude FM-DFM mode with constant ⌬f. Alumina preparation has been carried out according to the recipe presented in the literature. 1, 8 The prepared film exhibited the usual flat topography, the well-known long-range order on extended terraces and reflection as well as antiphase domain boundaries.
During this study several atomically resolved FM-DFM images of both of the film's surface unit cells have been obtained with previously unparalleled resolution ͑Fig. 1͒. Please note that the postproduction of the images consisted of leveling ͑subtraction of a parabola͒ only. No further filtering has been necessary. However, minor lateral corrections had to be performed to account for slight drift, due to long acquisition times. Images have been recorded on different areas of one surface preparation. Several changes in the nanoscale tip geometry took place, mostly due to in situ preparation of the tip by field emission and/or controlled dipping into and pulling of necks from the sample surface. Therefore it has to be shown that images before and after tip changes reproducibly show the same structure within the surface unit cell. The images have been evaluated with respect to bright protrusions. After identification of a corresponding surface unit cell in all images of both domains, overlays of the observed protrusions with crosses have been made and compared by stacking overlays from different images ͑Fig. 2͒. A series of overlays for the same image gives a measure for the statistical reading error and uncertainty due to noise. A series of overlays from different images ͑after a tip change and/or on a different site͒ gives an idea of the contribution of imaging conditions, i.e., scanning parameters, shape, and atomic composition of the tip as well as atomic contrast mechanisms, to the uncertainty in position. A recurrent structure from different images is therefore a measure for reproducibility. The average positions in both cases are the mean positions of the sets of crosses belonging to individual positions in different overlays. Average overlays are shown in Figs. 2͑b͒, 2͑d͒ , and 2͑f͒. The result is only reasonable if the reading error does not lead to overlapping positions in different overlays from one image and if averaged overlays from A and B domains reflected onto another are sufficiently similar. The rather regular shapes of the areas covered by the groups of crosses belonging to the individual ͑and averaged͒ positions in different images emphasize that the found overlays are quite well defined ͓dashed ellipses in Figs. 2͑e͒ and 2͑f͔͒. Most of the positions can be distinguished without any doubt. As the evaluated images, which have been recorded with different microscopic tips on different surface sites, show equal patterns, reproducibility is established. This is supported by the finding that the structure in one domain is reproduced by the mirrored positions from the other reflection domain ͓Fig. 2͑d͔͒. Consistency is acceptable and one can distinguish all positions clearly. Each surface unit cell contains 28 observable protrusions matching the number of atoms proposed for the topmost oxygen layer by the DFT model, 11 as compared to only 24 atoms of the topmost aluminum layer. Figure 3 shows a direct graphical comparison with that oxygen layer of the model given in the supplement to Ref. 11. We find the similarity rather striking. In first approximation the sites marked with crosses in Fig. 1 indicate individual oxygen positions. One can also see that positions interconnecting the characteristic squares and rectangles of eight oxygen sites in the model are among the brightest protrusions in the FM-DFM images. On the other hand, protrusions at points with lower contrast naturally exhibit larger scattering of the crosses in Fig. 2͑e͒ . Therefore much more effort has to be made to pin deviations which might exist between model and structure. Less defined points fall into the troughs of the wavelike feature visible in FM-DFM images ͑Figs. 1 and 4͒. It consists of alternating bright and dark rows-crests and troughs. This wavelike topogra- phy of the surface unit cells is in fact typical for the film 26 and related to stress and commensurability. 27, 28 As observed by FM-DFM before, 18 the crests have a distance of 9 Å but the full repeat unit has a length of 18 Å, i.e., that of an oxide unit cell. Each two of the protruding rows differ slightly in apparent structure, height, and contrast making them inequivalent as shown in Fig. 4 . However a row pairing in lateral direction could not be confirmed. One finds those wave crests pronounced where rectangular arrangements of eight oxygen positions are nearly aligned with the ͓001͔ direction of the NiAl substrate. This relates to earlier findings regarding the alignment of adsorbed gold atoms along this direction. 29 Therefore the inequivalence of the crests can be seen as a manifestation not only of strain but also of the influence of the substrate onto the film surface.
As lateral resolution allows direct identification of individual structural units, the topography of the characteristic rectangular arrangements of eight oxygen atoms has been evaluated in detail ͑Fig. 5͒. From the images it can be seen that each two parallel rows of four protrusions are contrarily inclined with respect to each other. This is shown in Fig. 5 and compared to height values for the calculated oxygen sites. The experimental line profiles are in reasonable qualitative and quantitative agreement with the theoretical result.
In conclusion FM-DFM has been used to obtain atomically resolved images of the complex surface unit cells of the ultrathin alumina film on NiAl͑110͒ to derive the atomic microstructure of its topmost oxygen layer. For the first time it has been possible to observe all individual atomic positions in the surface unit cells ͑both reflection domains͒ of that layer by FM-DFM unambiguously. Our results confirm the combined STM and DFT model 11 and complement earlier FM-DFM images 18 from the literature. Our experiments demonstrate the enormous potential of FM-DFM measurements. For selected structural elements quantitative agreement with DFT has been found for the topographic height. Resolved details of the film's wavelike morphological feature and analysis of the atomic corrugation point toward interactions between film surface and substrate. Graphical evaluation of the images and line profiles from the surface unit cells has been sufficient to derive the positions. No application of any filtering or correlation techniques has been necessary. The results are a promising step toward real-space atomistic surface characterization of thick insulating films and eventually bulk surfaces of wide band-gap insulators with complex surface unit cells.
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